Using a physical simulation, we explore the vertical density structure within the ocean and how layering (density stratification) controls water motion, impedes nutrient transport, and regulates biological productivity. Our demonstration enables students to visualize the formation of horizontal layers in the ocean's interior and the slow undulation of large-amplitude internal waves. We show that stratification limits the vertical transport of energy and nutrients. The region of strong vertical density gradient-the pycnocline-is a barrier to the downward propagation of wind energy as well as the upward transport of nutrients into the euphotic zone.
Mix it up, Mix it down intriguing implications of ocean Layering
The density increase between the surface waters and the deep waters is often confined to a few relatively thin layers known as pycnoclines. Most ocean basins have a permanent pycnocline between about 500 and 1000-m depth, and a seasonal pycnocline that forms during the summer between about 20 and 100-m depth.
Small density differences between ocean layers reduce the gravitational force acting on a layer. The reduced gravity allows waves inside the ocean-internal waves-to achieve amplitudes of tens of meters. Internal waves move very slowly compared to the waves at the ocean's surface with which beachgoers are more familiar.
It takes a surprisingly large amount of energy to mix through even the small density differences across the pycnocline.
Thus, pycnoclines create effective barriers to vertical mixing, especially mixing forced by the wind blowing on the ocean surface. This barrier is particularly relevant to ocean plankton, as phytoplankton require light and nutrients to grow. Sunlight is most intense at the ocean's surface, but the nutrients are mostly below the pycnocline. The strength of the pycnocline thus determines the rate at which nutrients are supplied to the phytoplankton. Oceans with strong, permanent pycnoclines such as the North Pacific tend to have lower rates of productivity than oceans that mix strongly during the winter such as the North Atlantic (Parsons and Lalli, 1988) .
This article has been published in Oceanography, Volume 22, Number 1, a quarterly journal of The oceanography society. © 2009 by The oceanography society. all rights reserved. permission is granted to copy this article for use in teaching and research. republication, systemmatic reproduction, or collective redistirbution of any portion of this article by photocopy machine, reposting, or other means is permitted only with the approval of The oceanography society. send all correspondence to: info@tos.org or Th e oceanography society, po Box 1931 , rockville, Md 20849-1931 descriptioN of the actiVity In a tabletop tank containing a layer of freshwater above a layer of salty water, students observe the formation of a third, intermediate-density layer. The third layer, colored with food dye, intrudes horizontally between the two original layers, generating an internal wave that moves more slowly and is of larger amplitude than waves at the air-water interface. Subsequent injection of food dye followed by a "wind event"-air blown across the water's surface-show that the pycnocline is a surprisingly effective barrier to mixing. 12. Paper towels.
Tank setup will take approximately 45 minutes. The demonstrations can take from 10 minutes to half an hour, depending on the amount of discussion and questioning.
setting up the tank
Place the empty tank where you will conduct the demonstration. Fill the tank half full of freshwater, and let the water settle for a few moments. Place the saltwater container beside the tank on a support (e.g., a chair or some books) to raise it above the tank. With one end of the tubing connected to the saltwater container as either a siphon or attached to the spigot, and the other end of the tubing in a sink or waste container, allow the tube to fill completely with saltwater, expelling any air bubbles in the tubing, as they will cause undesirable mixing during the filling of the tank. The saltwater should trickle out of the hose at about 2-5 ml per second. At this rate, it will take about 45 seconds to fill an 8-oz cup. If the water comes out too fast, the stratification will be weak, and the demonstration will not be very dramatic. To ensure that the tube stays in position during filling, tape the dry, upper part of the tube to the side of the tank.
As the tank is filling, you will be able to see the freshwater/ saltwater interface. It is most visible from the side of the tank, with eye level near the fresh-salt interface. The interface will slowly wave up and down, showing the billows of turbulence.
Once the fresh-salt interface is above the level of the hose outlet, you can increase the flow rate a little. The goal is to mix as little as possible during the filling of the tank, which will take 15-30 minutes, depending on the size of the tank.
Once you have about equal volumes of fresh and saltwater in the tank, carefully remove the hose. Intuition tells us that the resultant saltwater will weigh more than the freshwater. Point out that a liter of ocean water contains about 25 g of salt.
Then, ask: What happens if we mix some freshwater and some salty water? Students usually correctly surmise that the mixed water will be of salinity-and density-between the two waters being mixed.
To put these ideas in an oceanographic context, ask: Based 
on what we've just discussed, where would you expect to find cold, salty water in the ocean? How about warm freshwater?
Answers to these questions usually lead to the idea of a stratified ocean, with warmer, fresher water near the surface, and colder, saltier water near the bottom.
Returning to the tank, tell the students that you had set up the tank with a layer of freshwater at the surface and a layer of salty water below. Ask if someone would come up to the board and draw the vertical profile of density in the tank before the barrier was inserted. With luck, you'll get something that looks like Figure 2a . Ask a student to draw a line showing the density of the water in the well-mixed region that was barricaded from the rest of the tank (Figure 2a, green line) . figure 2. Vertical profiles of density in the tank. (a) Before the barrier is removed, the water density in the main tank shows two layers (black line), with low-density water at the top, and high-density water at the bottom. The mixed water behind the barrier (green line) has an intermediate density between the surface and bottom waters of the tank. (b) after the barrier is removed, the water now has three layers: low-density water at the surface, high-density water at the bottom, and intermediate-density water forming a thin layer in the middle (green line).
middle of the tank, beginning near the bottom and drawing the pipette upward. As you draw the streak, it is helpful to suck a little water from the tank into the pipette and make a column of little colored puffs. The mixing in the pipette will allow the colored water to be closer to the density of the fluid around it, so it won't float up to the surface.
Invite a student who guessed wind mixing to come to the tank. Tell the class that this person is a hurricane, who is going to try to mix some nutrients up to the phytoplankton.
Ask the volunteer to blow as hard as possible on the surface of the tank. The dye streak will mix with the surrounding water in the surface layer, but remain unmixed below the pycnocline (Figure 3 ). The tank we use allows a surface layer about 3-4 in thick, and it is almost impossible to blow hard enough to mix the dye streak below the pycnocline. Explain that there is not enough energy in the wind to lift the dense water upward. This introduction to the sometimes-surprising effects of density changes can be expanded with further activities exploring diffusion and mixing (e.g., Karp-Boss et al., 2007) , fronts (e.g., Nadiga and Aurnou, 2008) , and the global thermohaline circulation. 
